Plants produce a huge array of structurally diversified, specialized metabolites that are involved in the interaction between plants and their environment. Triterpenoids/steroids are one of the most numerous and diverse groups of plant metabolites ([@r1]). Often their structural diversity lies in the modification of side chains, which are modified by formation, reduction, and isomerization of double bonds. Withanolides are a group of secondary metabolites, found mostly in plants from the Solanaceae family, that contains more than 600 structurally distinct compounds ([@r2]). The best-known plant to produce withanolides is *Withania somnifera*, also known as Indian Ayurvedic ashwagandha, a medicinal plant used for over 3,000 y and also relevant for modern medicine ([@r3]). A number of withanolides show promising pharmacological properties for the treatment of inflammation-mediated chronic diseases including cancer, arthritis, and autoimmune and neurodegenerative diseases ([@r4]). The diversity of structures and activities within this group of compounds makes it a promising source for novel compounds with potential pharmaceutical and nutraceutical uses.

The general structure of withanolides (CAS name: 22-hydroxyergostan-26-oic acid 26,22-lactone) is C~28~ ergostane with a side chain that forms a δ-lactone ring between C22 and C26 ([@r5]). Based on their steroidal backbone, withanolides share an upstream biosynthetic pathway with general phytosterols; 24-methylenecholesterol ([@r6]) and 24-methyldesmosterol ([@r7]) are precursors of withanolides, but not 24-(*R*/*S*)-24-methylcholesterol (campesterol and dihydrobrassicasterol) ([@r6]). The 24-methylenecholesterol is also an intermediate in the biosynthesis of brassinolides, where DWF1 catalyzes the conversion of 24-methylenecholesterol to campesterol, through isomerization of the ∆^24(28)^-double bond to ∆^24(25)^-double bond yielding the intermediate 24-methyldesmosterol, followed by reduction ([@r8][@r9]--[@r10]) ([Fig. 1](#fig01){ref-type="fig"}). The isomerization of 24-methylenecholesterol to 24-methyldesmosterol has been proposed to be a pivotal step in the biosynthesis of withanolides ([@r7]), but to date no gene or enzyme has been characterized for this branching step from the general phytosterol pathway.

![Overview of the reactions catalyzed by DWF1/SSR1, SSR2, and 24ISO and the proposed role of 24ISO in the biosynthesis of withanolides. Withaferin A is shown as an example of withanolides, and the ∆^24(25)^ is shown in red. SMT, sterol methyltransferase.](pnas.1807482115fig01){#fig01}

Potato and tomato, belonging to the Solanaceae family, have two DWF1 homologs named sterol side chain reductase (SSR) 1 and SSR2 ([@r11]). SSR1 activity corresponds to DWF1 and reduces 24-methylenecholesterol to campesterol, while SSR2 reduces the C24 double bond of ∆^24(25)^-sterols, such as from cycloartenol to cycloartanol, in the biosynthesis of cholesterol ([Fig. 1](#fig01){ref-type="fig"}), the same reaction as catalyzed by the human 24-dehydrocholesterol reductase (DHCR24) ([@r12]). This duplication and divergence has also been reported for several other enzymes involved in phytosterol and cholesterol biosynthesis as well ([@r13]), demonstrating how new multistep metabolic pathways involved in secondary metabolite biosynthesis may develop from primary metabolic pathways. In this context, it is relevant to address whether a third class of enzyme, besides SSR1 and SSR2, is involved in the isomerization of side-chain double bonds leading to the biosynthesis of withanolides and related compounds.

We have recently analyzed the transcriptomes of two withanolide-producing *Physalis* species, *Physalis alkekengi* and *Physalis peruviana* ([@r14]). *P. peruviana* produces withanolide E and related withanolides, while *P. alkekengi* produces physalin B and related physalin-type withanolides. Our analysis of both *Physalis* transcriptomes revealed the presence of three DWF1 homologs in this genus. We hypothesized that the third DWF1 homolog is involved in withanolide biosynthesis. Here we show that the third homolog is a sterol Δ^24^-isomerase (EC 5.3.3) that catalyzes the conversion of 24-methylenecholesterol to 24-methyldesmosterol in the initial step in the withanolide biosynthesis branching off the general phytosterol pathway ([Fig. 1](#fig01){ref-type="fig"}).

Results {#s1}
=======

Phylogenetic Analysis Indicates the Presence of a Third DWF1 Homolog in Withanolide-Producing Plants. {#s2}
-----------------------------------------------------------------------------------------------------

Using the potato StSSR1 and StSSR2 amino acid sequences as queries in a BLAST analysis against 20,689 and 25,751 unigenes in *P. alkekengi* and *P. peruviana*, respectively ([@r14]), we identified three matching sequences in each species: PaSSR1, PpSSR1, PaSSR2, PpSSR2, and the homologous sequences designated Pa24ISO and Pp24ISO, which stands for sterol Δ^24^-isomerase. Likewise, BLAST analysis of *W. somnifera* transcriptome data reassembled from SRA sequences ([@r15], [@r16]) identified three sequences (WsSSR1, WsSSR2, and Ws24ISO). These three proteins contain common domains such as an N-terminal membrane anchor, FMN binding domain (domain architecture ID 11416043), and the Rossman fold structure and have equal molecular weight of around 65 kDa. Ws24ISO is 79% identical to WsSSR1 and 85% identical to WsSSR2 ([*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental) shows an alignment of Ws24ISO, WsSSR1, and WsSSR2). Based on these findings, we performed phylogenetic analysis of DWF1 homologs from several plants of the Solanaceae family. The result revealed three distinct clades in the SSR family: SSR1, SSR2, and 24ISO/SSR-like ([Fig. 2*A*](#fig02){ref-type="fig"}). SSR1 and SSR2 are present in all analyzed species of the Solanaceae, while 24ISO/SSR-like is a paralog and restricted to a smaller subset. Based on the phylogeny, 24ISO/SSR-like is a sister clade to SSR2, with which they share a higher common ancestor than the common ancestor of SSR1 and SSR2. With the exception of *Petunia*, 24ISO/SSR-like was only detected within the Solanoideae subfamily. [Fig. 2*B*](#fig02){ref-type="fig"} shows the occurrence of withanolides or related compounds reported in the literature and of the 24ISO/SSR-like gene in tribes of the Solanaceae family, indicating a correlation between the presence of *24ISO*/*SSR-like* and withanolides or petuniasterones (C~28~ isoprenoids found in *Petunia*). Withanolides or closely related compounds have been detected in several genera of the Solanoideae subfamily, namely in *Acnistus*, *Brachistus*, *Deprea*, *Discopodium*, *Dunalia*, *Eriolarynx*, *Iochroma*, *Leucophysalis*, *Physalis*, *Salpichroa*, *Tubocapsicum*, *Vassobia*, *Withania*, and *Witheringia* from the Physalineae tribe; *Datura* from the Datureae tribe; *Hyoscyamus* from the Hyoscyameae tribe; *Lycium* from the Lycieae tribe; *Jaborosa* from the Jaboroseae tribe; and *Solanum* from the Solaneae tribe, as well as the genera *Exodeconus*, *Nicandra*, and *Mandragora*, whose positions are unresolved ([@r17], [@r18]).

![The 24ISO forms a monophyletic group and occurs in tribes producing withanolides. (*A*) Phylogenetic analysis of Solanaceae DWF1 homologs. Phylogenetic relationship was inferred using the maximum likelihood method in Mega7. Numbers shown are bootstrap values in percentages (based on 1,000 replicates). *Arabidopsis thaliana* DWF1 was used to root the tree. Solanaceae DWF1 homologs cluster into three distinct clades, SSR1 (blue), SSR2 (green), and 24ISO/SSR-like (magenta). (*B*) Overview of the occurrence of *24ISO/SSR-like* (magenta triangle) and withanolides, or petuniasterones in the case of *Petunia*, (blue dot) in tribes of the Solanaceae. Tribes containing species for which genome or transcriptome data are available are underlined ([Fig. 2*B*](#fig02){ref-type="fig"} data from ref. [@r63]).](pnas.1807482115fig02){#fig02}

We identified *24ISO*/*SSR-like* in two members of the Solaneae only, *Solanum melongena* and *Solanum xanthocarpum*; the gene was not found in the genomes of either *Solanum tuberosum* or *Solanum lycopersicum* or available transcriptomes of other *Solanum* species ([Fig. 2*A*](#fig02){ref-type="fig"}). *Sm24ISO*/*SSR-like* appears to be a pseudogene because it contains a premature stop codon, leaving *Sx24ISO* as the only putative *24ISO*/*SSR-like* in Solaneae. Withanolides have been reported for *Solanum ciliatum* ([@r19]) and *Solanum sisymbriifolium* ([@r20]) as the only species in this tribe. We could not identify *24ISO*/*SSR-like* in *S. sisymbriifolium* transcriptome available at the 1KP database ([@r21]) (no transcriptome or genome information was available for *S. ciliatum*). In *Capsicum annuum*, we identified *24ISO* expression exclusively in roots, but no withanolides or related compounds have been reported for any genus within the Capsiceae tribe to date. Surprisingly, we also identified *24ISO* in *Petunia*, a plant outside the Solanoideae subfamily, and not known to produce withanolides, but known to accumulate C~28~ isoprenoids known as petuniasterones ([@r22]). Another outlier was *Browalia viscosa* in the Cestoideae tribe, which produces withaferin A and nicandrenone ([@r23]). It is unknown whether *24ISO* is also found in the Cestroideae, as there is no available genomic information.

The *24ISO* Is Localized in a Gene Cluster with Other Potential Pathway Genes in *C. annuum*, *Petunia inflata*, and *S. melongena*. {#s3}
------------------------------------------------------------------------------------------------------------------------------------

*SSR1* and *SSR2* are both located on chromosome 2 in potato and tomato, more than 10 Mbp apart ([@r11]). Of plants that contain *24ISO/SSR-like*, only the genomes of *C. annuum* and *S. melongena* have been annotated at the time of this writing ([@r24], [@r25]). The location of *CaSSR1* (Capana02g000339) and *CaSSR2* (Capana02g001326) to chromosome 2 is conserved in *C. annuum*, but *Ca24ISO* (Capana06g002437) is located on chromosome 6. In *S. melongena*, *SmSSR1* (SMEL_002g157630) is located on chromosome 2, *SmSSR2* (SMEL_3Chr00.13147) is not annotated yet, and *Sm24ISO*/*SSR-like* (SMEL_008g315450) is located on chromosome 8.

In *C. annuum* and *S. melongena*, *24ISO*/*SSR-like* is localized in potential gene clusters with genes encoding cytochrome P450s and 2-oxoglutarate-dependent dioxygenases (2OGDs) ([Fig. 3](#fig03){ref-type="fig"}) that might be involved in further metabolism of 24-methyldesmosterol. Among the cytochrome P450s are several that belong to the CYP88 subfamily, which contains known enzymes that hydroxylate triterpenes and diterpenes ([@r26], [@r27]). Likewise, a 2OGD contributes to the biosynthesis of steroidal glycoalkaloids in potato and tomato ([@r28], [@r29]), thus 2OGDs might also be involved in withanolide biosynthesis. In *S. melongena*, like *24ISO*/*SSR-like*, the cytochrome P450 genes are truncated pseudogenes. In the available genome data for *P. inflata* ([@r30]), we identified two copies of *24ISO* in a heavily duplicated region containing several cytochrome P450 genes as well as a 2OGD ([Fig. 3](#fig03){ref-type="fig"}).

![Possible gene clusters in the genomes of three Solanaceous species. The *24ISO* is localized in potential gene clusters in *C. annuum*, *S. melongena*, and *P. inflata*, containing genes encoding cytochrome P450s and 2OGDs. Genome region from chromosome 6 for *C. annuum*, chromosome 8 for *S. melongena*, and *P. inflata* scaffold 00464 are shown (not to scale), and genes are represented by arrows indicating their orientation in the genome. Numbers below the lines show the distances between genes in kilobases. The two cytochrome P450 genes in *S. melongena* are only short pseudogenes.](pnas.1807482115fig03){#fig03}

The Expression of *24ISO* Correlates with Occurrence of 24-Methyldesmosterol in Plant Tissues. {#s4}
----------------------------------------------------------------------------------------------

The ∆^24(25)^-double bond ([Fig. 1](#fig01){ref-type="fig"}) is a key structural feature commonly found in withanolides. We hypothesized that the 24ISO, which we identified in plants producing withanolides, catalyzes formation of the ∆^24(25)^-double bond in withanolide biosynthesis. Because of its homology to SSR1, we proposed that 24ISO catalyzes only the first step of the two-step reaction catalyzed by SSR1, the conversion of 24-methylenecholesterol to the withanolide precursor 24-methyldesmosterol. We therefore measured *24ISO* gene expression levels by qPCR and the amount of 24-methyldesmosterol in different tissues of several plants containing *24ISO* by GC-MS ([Fig. 4](#fig04){ref-type="fig"}). Accumulation of 24-methyldesmosterol largely correlated with the gene expression pattern of *24ISO* among species and tissues. The expression of *SSR1* and *SSR2* differed from the accumulation pattern of 24-methyldesmosterol ([*SI Appendix*, Fig. S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental)). Regarding *SSR1* and *SSR2*, among sterols analyzed the level of cholesterol was correlated with the expression of *SSR2*, as expected. We did not detect *Sm24ISO* gene expression in any of the tissues analyzed, further indicating that it is indeed a pseudogene.

![Correlation of level of 24-methyldesmosterol and expression of *24ISO*. (*A*) Amount of 24-methyldesmosterol and (*B*) expression of *24ISO* in *W. somnifera* (Ws), *P. alkekengi* (Pa), *P. hybrida* (Ph), *C. annuum* (Ca), and *S. melongena* (Sm) in young leaves (1), mature leaves (2), flowers (3) and root (4). \*Not detected. Values represent average ± SD (*n* = 3 biological replicates).](pnas.1807482115fig04){#fig04}

The 24ISO Expressed in Yeast Converts 24-Methylenecholesterol to 24-Methyldesmosterol. {#s5}
--------------------------------------------------------------------------------------

To directly determine if the 24ISO proteins catalyze conversion of 24-methylenecholesterol to 24-methyldesmosterol, we expressed Pa-, Ws-, Ph-, and Ca24ISO in the 24-methylenecholesterol-producing T21 yeast strain ([@r11]) and analyzed the sterols of transformed yeast strains by GC-MS. Expression of all four 24ISOs individually in the T21 yeast strain correlated with detection of 24-methyldesmosterol, identified based on comparison of retention time and MS spectra of the 24ISO product to an authentic standard ([Fig. 5 *A* and *B*](#fig05){ref-type="fig"}). Additionally, the four 24ISOs showed weak ∆^24(25)^-reductase activity to produce cholesterol in yeast ([*SI Appendix*, Fig. S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental)). As previously reported for *S. tuberosum* (St) and *S. lycopersicum* (Sl) SSR1 and SSR2 ([@r11]), transgenic expression of PaSSR1 and PaSSR2 conferred the ability to produce campesterol and cholesterol, respectively ([*SI Appendix*, Fig. S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental)).

![The 24ISO catalyzed conversion of 24-methylenecholesterol to 24-methyldesmosterol in yeast. (*A*) Sterol extracts from *S. cerevisiae* strain T21 expressing DWF1 homologs analyzed by GC-MS (TIC, total ion chromatogram); 24-methyldesmosterol standard is shown at the bottom. Selected ion monitoring (SIM) is shown in [*SI Appendix*, Fig. S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental). (*B*) MS spectra of trimethylsilylated \[26-^13^C\]-labeled 24-methyldesmosterol standard (*Top*) and 24ISO product (*Bottom*). The molecular ion of trimethylsilylated ^13^C-24-methyldesmosterol is *m*/*z* 471 (399 + 72), while the *m*/*z* 456 mass corresponds to the demethylated ion from the molecular ion. The corresponding ions of the in vivo-synthesized 24-methyldesmosterol are *m*/*z* 470 (398 + 72) and *m*/*z* 455. (*C*) In vitro assay using Pa24ISO expressed in *S. cerevisiae* strain *erg4* and 24-methylenecholesterol as substrate. SIM for 24-methylenecholesterol: *m*/*z* 296, 365, 386 and 24-methyldesmosterol: *m*/*z* 296, 343, 386.](pnas.1807482115fig05){#fig05}

SSR1 and SSR2 have been described to require NADPH as reductant for their reactions ([@r11]). Since 24ISO catalyzed an isomerization reaction with no net redox change, we examined whether NADPH is also required for 24ISO activity. For this purpose, we expressed 24ISO in the *erg4* yeast strain. Upon incubation of cell-free homogenates of 24ISO expressing *erg4* yeast with 24-methylenecholesterol, 24-methyldesmosterol was detected only when NADPH, but not NADP+, was present in the reaction mixture ([Fig. 5*C*](#fig05){ref-type="fig"}). No net NADPH consumption was observed compared with empty vector control, indicating that no net reduction takes place. Remaining NADPH in the assay mix after incubation was 46.55% ± 6.36 (*n* = 3) for empty vector and 46.07% ± 1.46 (*n* = 3) for 24ISO of the original amount.

The 24ISO Is Indispensable for Withanolide Biosynthesis Through Production of 24-Methyldesmosterol. {#s6}
---------------------------------------------------------------------------------------------------

To further elucidate the activity of 24ISO, *in planta* experiments were conducted by gain-of-function and loss-of-function strategies. *Nicotiana benthamiana* has no endogenous *24ISO*, and no 24-methyldesmosterol was detected in GC-MS analysis of sterols extracted from wild-type and empty vector control leaves. Transient overexpression of 24ISO in leaves of *N. benthamiana* led to accumulation of small amounts of 24-methyldesmosterol detected by GC-MS ([Fig. 6*A*](#fig06){ref-type="fig"}). Notably, the precursor 24-methylenecholesterol was reduced to below detection limit in the 24ISO-expressing leaves ([Fig. 6*A*](#fig06){ref-type="fig"}). Confocal microscopy imaging showed that transiently expressed 24ISO localized to the ER ([Fig. 6*B*](#fig06){ref-type="fig"} and [*SI Appendix*, Fig. S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental)), corresponding to the reported site for sterol biosynthesis and localization of SSR1 ([@r31]) and SSR2 ([@r13]).

![*In planta* experiments showed 24ISO to be involved in withanolide biosynthesis. (*A*) Sterol profile in tobacco leaves expressing Pa24ISO analyzed by GC-MS. TIC is shown in black and extracted ion chromatogram for *m*/*z* 296 in magenta. (*B*) Subcellular localization of YFP-Pa24ISO (green) and ER-marker KDEL-mOrange (magenta). (Scale bar, 20 μm.) Localization of Ws-, Ca-, and Ph24ISO are shown in [*SI Appendix*, Fig. S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental). (*C*) Expression levels of *24ISO* and *SSR1* in control (white bars) and *24ISO* silenced (gray bars) *W. somnifera* plants. *SSR2* expression levels were below detection limit in both control plants and *24ISO*-silenced plants. Values represent average of six independent lines ±SD. \**P* = 6.5 × 10^−6^ (Student's *t* test). Values for individual lines are shown in [*SI Appendix*, Fig. S6*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental). (*D*) GC-MS analysis showing TIC of sterol extracts from *W. somnifera* leaves silenced in *24ISO* (VIGS). Relative content of 24-methylenecholesterol and 24-methyldesmosterol for individual lines and scatter plots showing *24ISO* gene expression and metabolite accumulation are shown in [*SI Appendix*, Fig. S6 *B* and *C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental). (*E*) Withaferin A content in *24ISO*-silenced plants relative to control plants analyzed by LC-QTOF-MS. Values represent average of six independent lines ± SD. \*\**P* = 0.001. Withaferin A content in individual lines and a scatter plot of *24ISO* gene expression and withaferin A content are shown in [*SI Appendix*, Fig. S6 *D* and *E*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental). TIC and MS/MS spectra of representative samples and withaferin A standard are shown in [*SI Appendix*, Fig. S7](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental).](pnas.1807482115fig06){#fig06}

To verify the role of 24ISO in withanolide biosynthesis, we silenced *24ISO* in young *W. somnifera* plants by virus-induced gene silencing (VIGS). To silence only *24ISO* but not *SSR1* gene expression (*SSR1* sequence is 80% identical to *24ISO*), we designed a construct assembled from three distinct *24ISO* fragments exhibiting high sequence specificity ([Fig. 6*C*](#fig06){ref-type="fig"} and [*SI Appendix*, Fig. S5](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental)). Off-target silencing of *SSR2* was no concern, as this gene was not expressed in aerial tissues ([*SI Appendix*, Fig. S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental)), and we further confirmed that *SSR2* was not expressed in VIGS control and 24ISO-silenced plants. Silencing of *24ISO* reduced the content of 24-methyldesmosterol and reciprocally increased the level of 24-methylenecholesterol ([Fig. 6*D*](#fig06){ref-type="fig"} and [*SI Appendix*, Fig. S6](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental)). Furthermore, liquid chromatography quadrupole TOF MS (LC-QTOF-MS) analysis of withaferin A, the major withanolide in leaves of *W. somnifera* ([@r32]), showed that it was significantly reduced in *24ISO*-silenced plants ([Fig. 6*E*](#fig06){ref-type="fig"} and [*SI Appendix*, Figs. S6 and S7](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental)). The levels of withaferin A in the silenced lines were positively correlated with the expression of 24ISO (correlation coefficient 0.79). These results suggest that expression of 24ISO is necessary for production of 24-methyldesmosterol and withanolide biosynthesis.

Discussion {#s7}
==========

Although withanolides have been studied for several decades because of their general interest as major pharmacological components of traditional Indian Ayurvedic medicine and because they include promising compounds for modern medicine, their biosynthetic pathway is largely unknown ([@r33]). Several studies have reported the effect of manipulation of the general phytosterol pathway on withanolides, but no withanolide-specific activities have, to our knowledge, been identified. One *W. somnifera* glucosyltransferase has been implied to glycosylate both withanolides and phytosterols ([@r34]). We have shown here that 24ISO is a key enzyme in the production of withanolides, catalyzing the committing isomerization of 24-methylenecholesterol to 24-methyldesmosterol. Since withanolides generally contain the Δ^24(25)^-double bond in their lactone structures, 24ISO could be regarded as the committing enzyme for the biosynthetic pathway of this diverse class of plant natural products.

The 24ISO from four different plant species tested in this study showed comparable activity. Out for the four species, only *W. somnifera* and *P. alkekengi* produce withanolides ([@r17]), so the role of 24ISO in *Petunia hybrida* and *C. annuum* remains speculative. Epoxy Δ^24(25)^ sterol is a proposed precursor of petuniosterones and has been used in the synthesis of petuniasterones ([@r35]). Thus, 24ISO may be involved in the production of petuniasterones in *P. hybrida*. No withanolides have been reported for *C. annuum*. However, as expression of *Ca24ISO* is exclusive to root tissue, it is possible that as-yet-undiscovered 24-methyldesmosterol-derived metabolites may be present in this tissue.

The *24ISO* is a paralog of *DWF1*/*SSR1* and *SSR2*. Three proteins encoded by these genes have very similar sequences, including an FMN-binding domain. No crystallographic structures, unfortunately, have been reported on these or similar proteins until now. Therefore, it is difficult to find any features that divide 24ISO from the reductases for the moment. However, this is an interesting question to address in future investigations. *DWF1* homologs are common throughout the plant kingdom and are involved in C-24 alkylsterol biosynthesis. Solanaceous plants appear to have acquired *SSR2* by gene duplication from *DWF1*/*SSR1* ([Fig. 7](#fig07){ref-type="fig"}), which enables increased production of cholesterol relative to other plants ([@r11]). Although the role of cholesterol in the Solanaceae is unknown, *Solanum* plants, such as potato and tomato, use cholesterol as a substrate in the biosynthesis of steroidal glycoalkaloids ([@r11]). Another duplication seems to have occurred from *SSR2*, giving rise to *24ISO* ([Fig. 7](#fig07){ref-type="fig"}), which in withanolide-producing plants is involved in the biosynthesis of these compounds. SSR1 catalyzes a two-step reaction: ∆^24(28)^ to ∆^24(25)^-isomerization followed by reduction of the double bond. It would therefore be easy to assume that 24ISO is a paralog of SSR1 that has lost the second-step reduction reaction. Interestingly, our phylogenetic analysis revealed that 24ISO is derived from SSR2 \[∆^24(25)^-reductase\], not SSR1. Moreover, 24ISO also has weak ∆^24(25)^-reduction activity. Based on our data we suggest that 24ISO has reacquired the ∆^24(28)^ to ∆^24(25)^-isomerization activity after diverging from SSR2. Alternatively, the genetic precursor to SSR2 may have been less specific than the modern version, and the separation of reductase and isomerase activities in SSR2 and 24ISO was acquired independently after the duplication event.

![The evolution of three DWF1 paralogs, SSR1, SSR2, and 24ISO/SSR-like, in the Solanaceae. SSR1 and SSR2 are found in all solanaceous plants originating from a duplication event in a common ancestor to this family. A later duplication event in a common ancestor of the Solanoideae gave rise to 24ISO/SSR-like from SSR2.](pnas.1807482115fig07){#fig07}

Surprisingly, this isomerization reaction requires NADPH that cannot be replaced by NADP^+^, even though no net reduction takes place. A requirement for NADPH by an isomerase has also been described for the unrelated enzyme isopentenyl diphosphate isomerase 2, where reduced FMN acts as both acid and base to facilitate proton transfers ([@r36], [@r37]). As another example, the isomerization reaction catalyzed by human type I 3β-hydroxysteroid dehydrogenase/isomerase requires NADH, which induces conformational changes in the enzyme structure as the isomerase activity reaches a maximum ([@r38]). However, 24ISO does not share any common domains with human type I 3β-hydroxysteroid dehydrogenase/isomerase. Further analysis of the reaction mechanism of 24ISO could reveal a novel mechanism of isomerase activity.

Since *24ISO*/*SSR-like* occurs in members of the Solanoideae subfamily as well as in *Petunia*, but not in any *Nicotiana* species sequenced so far, a parsimonious hypothesis could be that *24ISO/SSR-like* originated in a common ancestor of Nicotianoideae, Petunieae, and Solanoideae, with a subsequent loss in, for example, Nicotianoideae and members of Solanum, although we need to entertain the possibility of other more complex evolutionary hypotheses. As we show similar activities for Ph24ISO and Ws24ISO ([Fig. 5*A*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental)), and in vitro synthesis of petuniasterones uses 24-methyldesmosterol as precursor ([@r35]), the suggested hypothesis only involves one neofunctionalization, namely the transfer from a ∆^24(25)^ reductase to a ∆^24(28)^ to ∆^24(25)^ isomerase ([Fig. 7](#fig07){ref-type="fig"}).

Solanum species accumulate steroidal glycoalkaloids, a different specialized metabolite of steroidal origin ([@r39]), and may have lost *24ISO*/*SSR-like* due to production of putative functionally redundant steroidal glycoalkaloids. Solanum species generally produce either one of the specialized metabolites, withanolides or steroidal glycoalkaloids, presumably due to evolutionary pressure to preserve energy resources. Cooccurrence of steroidal glycoalkaloids and withanolide-type compounds has only been described in two cases: *S. ciliatum* and *S. sisymbriifolium* ([@r19], [@r20]). The hypothesis that plants either produce 24-methyldesmosterol or cholesterol-derived specialized metabolites is further supported by our finding that *SSR2* is not expressed or has low expression levels in plants that express *24ISO*.

Interestingly, withanolides and, correspondingly, *24ISO* are absent in the crop plants in the Solanum genus. The *24ISO* is missing from the genomes of potato and tomato, only remains as a pseudogene in *S. melongena*, and is not expressed in *C. annuum* aerial tissues. We cannot draw any firm conclusions based on our limited dataset, but our data suggest that *24ISO* was selected against in the domestication of Solanum crop plants, leading to absence of withanolides in these species.

Withanolides give solanaceous plants alternative defense compounds against insects feeding on plants of this family. While steroidal glycoalkaloids are potent antifeedants ([@r40]), withanolides may provide protection from insect pests resistant to steroidal glycoalkaloids ([@r41]). This observation further supports the idea that withanolides differ in functionality from steroidal glycoalkaloids. The paralogous functions of 24ISO and SSR2 contribute to maximizing chemodiversity of solanaceous plants with minimal evolutionary change.

A few other plants outside of the Solanaceae have been reported to produce withanolides: *Cassia siamea* ([@r42]), *Ajuga parviflora* ([@r43]), *Ajuga bracteosa* ([@r44]), *Eucalyptus globulus* ([@r45]), and *Tacca plantaginea* ([@r46], [@r47]). Withanolides have also been identified in soft corals ([@r48][@r49]--[@r50]). We could only identify one DWF1 homolog in the available transcriptome for *Ajuga reptans* (1KP) ([@r21]) and genome for *Eucalyptus grandis* ([@r51]), suggesting that these other species might have acquired the ability to produce withanolides through convergent evolution, using a different pathway for withanolide biosynthesis.

We show here that 24ISO is a key enzyme in the production of withanolides from 24-methylenecholesterol in the Solanoideae subfamily and petunia species. The Solanoideae subfamily contains several medicinal plants. Up-regulation of 24ISO activity would channel more substrate into the withanolide biosynthetic pathway and be a useful tool for the sustainable production of pharmacologically active withanolides in plants. Based on the fact that 24ISO evolved by duplication from an enzyme of the general phytosterol pathway, and that several enzymes involved in cholesterol biosynthesis are also derived from general phytosterol metabolism ([@r13]), we suggest that later enzymes in the withanolide biosynthetic pathway are also found among homologs of general phytosterol metabolism enzymes. As shown in [Fig. 3](#fig03){ref-type="fig"}, there are possible gene clusters surrounding *24ISO* in the genomes of three Solanaceous plants. Thus, *W. somnifera* homologs to the cytochrome P450 and 2OGD genes found in these genomic regions are good candidates for downstream metabolic genes.

Material and Methods {#s8}
====================

Plant Materials. {#s9}
----------------

Seeds of *P. alkekengi* var. *Franchetii*, *S. melongena* var. *Senryo no. 2*, and *C. annuum* var. *Tachiyatsufusa* were purchased at local garden centers. Seeds of *W. somnifera* were purchased from Shanti Garden Nursery ([shanti-g.com/](http://shanti-g.com/)). Seeds of *P. hybrida* inbred line V26 from stock in our laboratory. Plants were grown in soil at 22 °C and 16 h light/8 h dark.

Phylogenetic Analysis. {#s10}
----------------------

We performed BLAST analysis on our previously published *P. alkekengi* and *P. peruviana* transcriptome datasets ([@r14]), using StSSR1 and StSSR2 as queries. This yielded three sequences in each species, SSR1, SSR2, and 24ISO. Pa24ISO was used as a query in BLAST analyses against solanaceous plants at the NCBI (<https://blast.ncbi.nlm.nih.gov/Blast.cgi>), the Sol Genomics (<https://solgenomics.net/>), and 1KP ([@r21]) databases. The extracted sequences and their accession numbers are given in [*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental) and [Dataset S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental). For *W. somnifera*, we performed reanalysis of published leaf and root transcriptome datasets (accession numbers SRA053485 and SRP040231) ([@r15], [@r16]). Data preprocessing, filtering, de novo transcriptome assembly, and the functional annotation were carried out according published procedures ([@r14], [@r52]). The genomes of *C. annuum, S. melongena*, and *P. hybrida* were accessed at The Pepper Genome Database ([@r24]), The Eggplant Genome Project ([@r25]), and the Sol Genomics Network.

Protein sequences were aligned using CLUSTALW embedded in MEGA7 ([@r53]). A maximum likelihood tree was inferred in MEGA7 with bootstrap method (1,000 replicates). *Arabidopsis* DWF1 was used to root the tree.

Sterol Analysis. {#s11}
----------------

Phytosterol extraction was modified from Itkin et al. ([@r54]). Fifty milligrams of frozen, powdered plant material was extracted in 2 mL choloform/MeOH (2:1 vol/vol) at 75 °C for 1 h. After 1 h at room temperature, the solvent was evaporated in a vacuum concentrator. The dried residue was saponified in 500 µL 6% (wt/vol) KOH in MeOH for 1 h at 90 °C. After samples cooled to room temperature, 500 µL H~2~O and 500 µL *n*-hexane were added, shaken for 30 s, and centrifuged briefly to separate the phases. The hexane phase was transferred to a clean 1,500-µL Eppendorf tube and dried in a vacuum concentrator. The remaining aqueous phase was extracted twice more with 500 µL *n*-hexane, which was added to the dried first extract and dried. Dried samples were resuspended in 50 μL *N*-methyl-*N*-trimethylsilyl trifluoroacetamide (Sigma), transferred to 2-mL glass vials with a 100-μL glass insert containing 0.01 µg 5-α-cholestane (Sigma), and incubated at room temperature at least 15 min before analysis.

GC-MS analysis was performed on a Shimadzu GCMS-TQ8040 with a DB-1 (30 m × 0.25 mm, 0.25-µm film thickness; Agilent) or HP-5 (30 m × 0.32 mm, 0.25-µm film thickness; SGE Analytical Science) capillary column following the method described by Seki et al. ([@r27]) with modifications. Injection temperature was set at 250 °C with a split ratio of 15. Temperature program was as follows: 80 °C for 1 min followed by temperature increase to 300 °C at a rate of 20 °C/min and hold at 300 °C for 10--28 min. Cholesterol, campesterol, stigmasterol, and β-sitosterol were identified based on authentic standards purchase from Tama Biochemical Co. Authentic standards for 24-methylenecholesterol and \[26-^13^C\]-labeled 24-methyldesmosterol were prepared with their structural confirmation in the previous study ([@r55], [@r56]). Quantification of sterols was based on a standard calibration curve of authentic standards.

Quantitative Reverse-Transcription PCR. {#s12}
---------------------------------------

RNA was extracted using RNeasy Plant Mini Kit (Qiagen). cDNA was synthesized using the SuperScript III first-strand synthesis system (Invitrogen). Real-time PCR was done with the StepOnePlus Real-Time PCR system using Fast SYBR Green Master Mix (Applied Biosystems). Transcripts were quantified using plasmid DNA containing the corresponding gene. Primers used in the analysis are given in [*SI Appendix*, Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental). For the transcript profiling of *24ISO*, *SSR1*, and *SSR2* in various plants and tissues, three biological replicas were analyzed. For the analysis of *24ISO* expression in VIGS plants, six biological replicas were analyzed.

Cloning of Genes and Plasmid Construction. {#s13}
------------------------------------------

RNA was isolated from leaves of *P. alkekengi*, *P. hybrida*, *W. somnifera*, *C. annuum*, and *S. melongena* using the Plant RNeasy mini kit (Qiagen) and cDNA synthesized with the SuperScript First-Strand Synthesis System for RT-PCR (Life Technologies). Since PaSSR2 was not expressed, it was cloned from gDNA extracted from *P. alkekengi* leaves using DNeasy plant mini kit (Qiagen). The intron was removed by overlap PCR. PCR products were cloned into pENTR/D-TOPO (Invitrogen) and sequences verified. Primers used for cloning are given in [*SI Appendix*, Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental). Expression clones were generated by Gateway cloning into pYES-DEST52 for expression in *Saccharomyces cerevisiae* and pGWB8 ([@r57]) for transient expression in *N. benthamiana*.

Yeast in Vivo Assays. {#s14}
---------------------

The 24-methylenecholesterol-producing *S. cerevisiae* strain T21 and desmosterol-producing *S. cerevisiae* strain T31 ([@r11]) were transformed with pYES-DEST52-*PaSSR1*, -*PaSSR2*, -*Pa24ISO*, -*Ph24ISO*, -*Ws24ISO*, -*Ca24ISO*, and -*Sm24ISO*. pYES-DEST52 without insert was used as empty vector control. Transformed yeast was cultured and analyzed as previously described ([@r11]). Five hundred microliters of ethyl acetate was added to harvested cells and they were disrupted by sonication. The extraction step was repeated twice. The ethyl acetate fraction was washed with 1 mL water, dried in vacuum, and analyzed by GC-MS after trimethylsilylation as described above.

In Vitro Activity Assays. {#s15}
-------------------------

*S. cerevisiae* BY4742 *erg4* ([@r58]) (Open Biosystems) was transformed with pYES-DEST52-*PaSSR1*, -*PaSSR2*, -*Pa24ISO*, -*Ph24ISO*, -*Ws24ISO*, -*Ca24ISO*, -*Sm24ISO*, or empty pYES-DEST52 and in vitro enzyme activity was assayed as previously described ([@r11]). In short, harvested cells were resuspended in 20 mM Tris⋅HCl, pH 7.5, and 50 mM NaCl and disrupted using 0.5-mm glass beads in a Beadbeater (BioSpec Products). Protein concentration in the cleared lysate was measured with Quick Start Bradford Protein Assay 2 (Bio-Rad) using BSA as standard. Enzyme activity in crude extracts was assayed in 0.5-mL reaction mixtures containing 0.3 mg⋅mL^−1^ protein homogenate, 0.5 mg⋅mL^−1^ BSA, 100 mM Tris⋅HCl, pH 7.23, 1 mM DTT, 20 μM flavin adeninedinucleotide, 2 mM NADPH, and 168 μM sterol substrate (sources as given above). Samples were incubated overnight at 30 °C and extracted three times with 0.5 mL *n*-hexane. Extracts were dried, trimethylsilylated, and analyzed by GC-MS as described above.

To test NADPH/NADP^+^ requirement, His-fusion protein was semipurified using TALON metal affinity resin (Clontech) to remove background NADP reducing activity from the yeast crude extracts. The purified protein was used in in vitro assays as described above, with either 2 mM NADPH or 2 mM NADP^+^ in the assay mix. To measure NADPH consumption, absorbance at 340 nm was measured before and after overnight incubation.

Heterologous Expression in *N. benthamiana*. {#s16}
--------------------------------------------

Leaves of 4-wk-old *N. benthamiana* plants were transformed by agroinfiltration ([@r59]). *Agrobacteria tumenfaciens* strain GV3101 (pMP90) carrying pGWB5-*PaSSR1*, -*PaSSR2*, -*Pa24ISO*, -*Ph24ISO*, -*Ca24ISO*, -*Ws24ISO*, or -*Sm24ISO* vector were coinfiltrated with agrobacterium carrying the p19 silencing suppressor (each OD~600~ = 0.5). Agrobacterium carrying p19 was infiltrated alone for the negative control. Six days after transformation, sterols were extracted and analyzed by GC-MS as described above.

Subcellular Localization of Transiently Expressed 24ISO in Leaves of *N. benthamiana*. {#s17}
--------------------------------------------------------------------------------------

Full-length 24ISO gene sequences were PCR-amplified and cloned into pJET 1.2/blunt cloning vector following the manufacturer's instructions and then by LR reaction moved to pEarleyGate 104 vector for transient plant expression of N-term YFP fused constructs ([@r60]). The ER marker KDEL-mOrange plant expression vector was kindly provided by Tonni Andersen, Université de Lausanne, Lausanne, Switzerland. Expression constructs were transformed into the *A. tumefaciens* strain pGV3850 and *Agrobacterium*-mediated transient transformation of *N. benthamiana* leaves was carried out as described above. The *Agrobacterium* strains harboring the appropriate construct (OD~600~ = 0.2) were coinfiltrated with the strain harboring the p19 construct (OD~600~ = 0.1). Image acquisition was performed with a Leica SP5 confocal laser scanning microscope (Leica Microsystems GmbH) equipped with a 63× objective lens using YFP and RFP filter setting provided by Leica.

VIGS. {#s18}
-----

Gene silencing was done using a tobacco rattle virus (TRV)-based VIGS system ([@r61]). Inserts were cloned into pTRV2 using EcoRI and KpnI restriction sites and the resulting plasmids cloned into *Agrobacterium* strain GV2260 transformed with GabT, provided by Satoko Nonaka, University of Tsukuba, Tsukuba, Japan ([@r62]). Phytoene desaturase (PDS) was used to verify VIGS and to determine time of harvest. pTRV2 containing a fragment of GFP was used as negative control. Three short sequences from *Ws24ISO* were cloned individually and assembled into pTRV2 to yield the *24ISO* targeting construct (details given in [*SI Appendix*, Fig. S5 and Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1807482115/-/DCSupplemental)). The leaves of 3-wk-old *W. somnifera* seedlings were infiltrated with *Agrobacterium* harboring pTRV1 and pTRV2 in a 1:1 ratio by syringe infiltration. Six individual plants were infiltrated per construct, and silencing of target gene was confirmed by qPCR at time of harvest in all infiltrated plants. Bleaching of PDS control plants was observed about 3 wk after infiltration and samples were harvested about 4 wk after infiltration. The five top leaves from each plant were harvested and pooled for one sample, and aliquots of the same sample were used for qPCR, GC-MS, and LC-MS analysis.

Withanolide Analysis. {#s19}
---------------------

Withanolide extraction from control and *24ISO*-silenced plants and analysis of withanolides by LC-QTOF-MS were done as described previously ([@r14]). Withaferin A was identified based on MS/MS data compared with that of authentic standard withaferin A (Sigma). Six biological replicas were analyzed for both control and VIGS plants.
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